Sub-picosecond ac spin current pulses are generated optically in GaAs bulk and quantum wells at room temperature and 90 K through quantum interference between one-photon and two-photon absorptions driven by two phase-locked ultrafast laser pulses that are both circularly polarized. The dynamics of the current pulses are detected optically by monitoring in real time and real space nanoscale motion of electrons with high-resolution pump-probe techniques. The spin polarization of the currents is 0.6 ± 0.1, with peak current densities on the order of 10 2 A/m 2 .
Generation, manipulation and detection of spin currents in semiconductors are the fundamental aims of spintronics.
1,2 Although it is possible to generate pure spin currents that are not accompanied by any charge currents through a spin Hall effect 3, 4, 5 or some optical techniques 6, 7, 8 , in most cases, spin currents are carried by charge currents. Compared to pure spin currents, these spin-polarized charge currents are easier to produce and manipulate, and therefore have been used in most spintronic designs.
In the past, spin-polarized charge currents have been generated by dragging optically excited spin-polarized carriers by an electric field, 9, 10 or though contact with magnetic materials. 11, 12, 13 In these configurations, the currents are dc and, in most cases, steady state. However, for high speed spintronic applications, short spin current pulses are desirable. Furthermore, similar to chargebased electronics, ac spin currents may have advantages over dc spin currents in some configurations. Although there have been theoretical proposals on electrical 14 and optical 15 generations of ac spin currents, we are not aware of any experimental demonstrations to date. In addition, attempting to generate ultrashort spin current pulses is rare.
Optical techniques have the potential to produce ultrashort spin current pulses since ultrafast laser pulses can be readily produced. Previously, optical injections of spin-polarized charge currents have been demonstrated through quantum interference in bulk GaAs 16 and by spin photo-galvanic effect in several structures including GaAs quantum wells (QWs) 17, 18, 19 , InAs QWs 20 , Si/Ge QWs 21 , and AlGaN/GaN superlattices 22, 23, 24, 25 . These spin currents are generated pure optically, without applying any external electric fields. However, in each of these studies currents were detected not by optical techniques, but by measuring steady-state voltage 16, 17, 18, 19, 20, 21, 22, 23, 24, 25 caused only by the charge component of the currents. Therefore, not only has the degree of spin polarization of these photogenerated currents not been measured, but strictly speaking, even the existence of a spin component of these currents has not been experimentally demonstrated, since spin-polarized * Corresponding author, huizhao@ku.edu carriers do not necessarily carry a spin-polarized current. More importantly, the steady-state electric detection technique cannot measure the temporal evolution of the currents; therefore the dynamics of these photogenerated currents have not been studied.
Here we demonstrate all-optical generation and detection of sub-ps ac spin current pulses in GaAs. Spin-polarized charge currents are injected all optically by utilizing quantum interference between one-photon and two-photon absorptions driven by two phase-locked and circularly polarized ultrafast laser pulses.
In contrast to previous steady-state measurements 16, 17, 18, 19, 20, 21, 22, 23, 24, 25 , we time resolve the dynamics of the currents by monitoring in real space and real time nanoscale carrier transport by using spatially and temporally resolved pump-probe techniques. This allows us to demonstrate that the photogenerated currents are ac in nature and pulsed with a pulsewidth shorter than 1 ps. Furthermore, by using optical detection techniques, we simultaneously monitor the charge and spin components of the currents and therefore are able to measure the spin polarization degree of the currents of 0.6±0.1 in both bulk and QW samples, which agrees reasonably with theoretical predictions. 26, 27 The peak current densities achieved are on the order of 10 2 A/m 2 .
In the experiments, we simultaneously illuminate GaAs samples with two right-hand circularly polarized and phase-locked laser pulses with angular frequencies ω and 2ω, as shown in Fig. 1a . Under the condition of hω < E g < 2hω, where E g is the bandgap of GaAs, the ω and 2ω pulses excite electrons from the valence band to the conduction band via two-photon and onephoton absorptions, respectively (inset of Fig. 1c) . In this configuration, spin-polarized charge currents are injected through quantum interference between the two transition pathways driven by the two pulses. 26, 27 By arranging the phases of the two pulses, the transition amplitudes interfere constructively at some k states, but destructively at opposite k states, resulting in an asymmetric distribution of carriers in k-space, as shown in Fig. 1c (inset) . Spin-polarized electrons are injected in the conduction band with an average velocity that can be phenomenologically written as v = v 0 η[sin(∆φ)x + cos(∆φ)ŷ], where v 0 is the speed of each electron and η describes current injection efficiency. the two pulses, ∆φ ≡ φ 2ω − 2φ ω , controls the direction of the velocity in the x-y plane. In this work, we inject and detect currents alongx by choosing ∆φ = π/2. Since both heavy-hole and light-hole transitions are excited in this configuration, the spin polarization of electrons is expected to be about 0.5 in both bulk and QW structures, according to the well-established spin selection rules. 28 However, theories predict slightly larger spin polarizations of the currents of 0.57 in bulk 26 and QW structures 27 .
The dynamics of the currents are studied by monitoring the charge and spin transport alongx. As shown in Fig. 1b , electrons are injected in the conduction band with a density profile N (0) (solid Gaussian curve) and an average velocity along +x direction when ∆φ = π/2. After a time period of τ , the profile moves to a new position N (τ ) (dotted Gaussian curve). Under typical conditions, the transport length d is much smaller than the width w. Therefore, the difference between the two profiles, ∆N ≡ N (τ ) − N (0), i.e., electron accumulation due to transport, has a derivative-like spatial profile. It is straightforward to show that the height of this profile is proportional to d, i.e., ∆N MAX = 1.4(N MAX /w)d. Hence, by measuring the temporal evolutions of ∆N MAX , N MAX and w, we can obtain the temporal evolution of d.
The experiments are performed on two GaAs samples at two temperatures: a 400-nm thick bulk sample at room temperature and a multiple QW sample at 90 K, which is composed of 10 periods of 14-nm GaAs layers sandwiched by 14-nm AlGaAs barriers. In the following, we will first discuss procedures and results of the experiment on the QW sample at 90 K, and then briefly discuss the results of the bulk sample measurement at room temperature.
To inject currents in the QW sample, the ω pulse with a central wavelength of 1500 nm and a pulse width of 100 fs is obtained from an optical parametric oscillator pumped by a Ti:sapphire laser at 80 MHz (Fig. 1c) . The 2ω pulse is obtained by frequency doubling the ω pulse with a beta barium borate (BBO) crystal. The two pulses are sent through a dichroic interferometer for phase control, and then combined and focused to the sample. By using a series of quarter-wave plates and polarizers in the interferometer (not shown), the polarizations of both pulses are set to be right hand circular with purities better than 97% on the sample. The 2ω pulse is tightly focused to a spot size of 1.8 µm full width at half maximum (FWHM) with a peak fluence of 5 µJ/cm 2 . It excites spin-polarized carriers by interband one-photon absorption (inset of Fig. 1c ) with a peak areal density of 2 × 10 12 /cm 2 . The fluence and beam size of the ω pulse are set to produce the same peak density and size of carrier profile through two-photon absorption.
Electron densities are measured by focusing a linearly polarized 100 fs probe pulse obtained from the Ti:sapphire laser on the sample with a spot size of 1.8 µm FWHM, as shown in Fig. 1c .
, the normalized difference between transmissions with [T (N )] and without [T 0 ] carrier's presence, is measured by reflecting a portion of the transmitted probe pulse to a photodiode of a balanced detector (lower part of Fig. 1c) connected to a lock-in amplifier referenced to a chopper in the pump beam (not shown). A reference pulse is sent to the other photodiode of that balanced detector in order to suppress laser intensity noise. 29 The probe pulse is tuned to heavy-hole excitonic resonance (808 nm) to selectively probe electrons based on well-established excitonic absorption saturation caused by free carriers.
30
Compared to electrons, holes make smaller contribution to ∆T (N )/T 0 since heavy holes have a larger effective mass 30 and light holes do not directly saturate the heavyhole excitonic absorption. Therefore, for simplicity, we take ∆T (N )/T 0 as a measurement of electron density only. Furthermore, we verify by measuring ∆T (N )/T 0 as a function of pump pulse fluence that, for the carrier densities used in this study, ∆T (N )/T 0 ∝ N .
Electron accumulation ∆N is detected by measuring a phase-dependent differential transmission ∆T (∆φ)/T (∆φ = 0) ≡ [T (∆φ) − T (∆φ = 0)]/T (∆φ = 0), i.e., the normalized difference between transmissions with [∆T (∆φ)] and without [∆T (∆φ = 0)] current injection. This is done by modulating ∆φ by mechanically dithering the length of one arm of the interferometer at 37 Hz using a piezoelectric transducer and then measuring the output of the balanced detector with a lock-in amplifier that is slaved to the modulation frequency. density of electrons with spin along + (-)ẑ, is measured by analyzing carrier-induced circular dichroism, i.e., the absorption difference of right-and left-hand circularly polarized probe pulses in the presence of spin-polarized carriers.
5,8
The linearly-polarized probe pulse used in the experiment is composed of two circular components. Due to spin-selection rules, each component preferentially senses one spin system. 28 By using a quarter-waveplate (λ/4) and a Wollaston prism, we send the two components to two photodiodes of another balanced detector (Fig. 1c) . The output of the balanced detector is proportional to the difference between the differential transmissions of the two circular components, (∆T + − ∆T − )/T 0 , which is proportional to S. 5, 8 With this configuration, when ∆φ is modulated to measure ∆N , the upper balanced detector (Fig. 1c) simultaneously outputs the spin accumulation due to spin transport, ∆S ≡ S(τ ) − S(0). Finally, the measured circular dichroism is related to spin density by using a calibration process based on the well-established fact that interband transition induced by a circularly polarized pump pulse produces a spinpolarization S/N = 0.5. dicating that the electron density profile has moved along +x. From these profiles, we obtain the transport length d = 5 nm by using the previously mentioned formula. Spin transport is also evident from the derivative-like ∆S profile. We therefore demonstrate that the photogenerated currents are indeed spin-polarized, since for a pure charge current, the accumulated electrons should be spin-unpolarized and ∆S should be zero. Quantitatively, we find that the spin polarization of the accumulated electrons due to the current ∆S/∆N ≈ 0.6. This indicates the spin-polarization of the current is also about 0.6. Panels c and d of Fig. 2 demonstrate phase control of the current injection. Up-triangles in c show ∆N as a function of ∆φ measured at x = +1.7 µm. The observed sinusoidal variation is consistent with the sinusoidal ∆φ dependence of the injected average velocity. The sinusoidal ∆φ dependence is also observed at the other side of the profile with x = −1.7 µm (down-triangles). The two curves are π out-of-phase. Furthermore, measurement performed at x = 0 yields no signal above noise level (squares). All of these are consistent with the derivativelike profile of ∆N seen in panel a. Similar results are also obtained for the spin accumulation ∆S, as shown in panel d.
Optical detection techniques based on ultrafast lasers provide us enough high temporal resolution to time resolve the current dynamics. The procedure summarized in Fig. 2 is used to measure d as a function of probe delay. The results are shown as the squares in Fig. 3 . Quantitative modelings of the current dynamics are beyond the scope of this experimental work, however we provide the following qualitative explanation. By using quantum interference, spin-polarized electrons are injected with an average velocity along +x. Therefore, upon injection, the electrons move along +x. The same quantum interference process also injects holes with opposite mo-mentum, according to crystal momentum conservation. Therefore, holes move along −x. Since heavy holes have a larger effective mass, they move with a smaller average velocity. Once the electrons and holes separate, a space charge field develops, slowing down and eventually stopping the motions of electrons and holes. Then, the space charge field becomes a driving force to pull the electrons and holes back to a common location. Since during the whole process, strong phonon and inter-carrier scatterings exist, this oscillator-like system is strongly damped, and therefore multiple oscillations are not observed. The dynamics exist only for less than 1 ps. Apparently, although the holes only make weak contributions to the differential transmission of the probe, they do play important roles in determining the current dynamics.
The squares of Fig. 3 show the temporal evolution of the average position of electrons. A time derivative of that curve gives the temporal evolution of the average velocity, and therefore the charge current density, as shown with the circles in Fig. 3 . Despite large uncertainties of the data due to a poor signal-to-noise ratio, the ac and ultrashort nature of the current is obvious, as one would infer from the temporal evolution of d. The current starts with highest and negative density due to the instantaneous optical injection. It decays with time, then changes to positive, and eventually decays to zero within 1 ps. We therefore demonstrate generation of ac sub-ps spin current pulses. Due to the ultrashort pulsewidth, the ac current is single cycle.
We emphasis that, although Fig. 3 only shows the charge component of the current, the spin component is simultaneously monitored in the experiment, with similar temporal behaviors observed. When taking the ratio, no temporal variation of the ∆S/∆N is observed on the time scale of 1 ps. This is consistent with the long spin relaxation time of about 100 ps that is measured separately by monitoring decay of S/N on longer time scales. By averaging the data, we obtain the spin-polarization of the accumulated electrons, and thus the spin-polarization of the current, to be 0.6±0.1. This value is reasonably consistent with earlier theoretical prediction of 0.57.
26,27
The experiment on the bulk sample at room temperature is carried out under the same excitation conditions. However, a few changes are made in the detection scheme. At room temperature excitonic resonances are thermally broadened, and therefore significantly overlap with bandto-band transitions. It is difficult to selectively probe the heavy-hole excitonic transition, as we did on the QW sample at 90 K for efficiently sensing carriers and their spin. The probe pulse is tuned to a central wavelength of 820 nm, corresponding to an excess energy of 90 meV. This causes the differential transmission signal ∆T (N )/T 0 to drop by a factor of 20 with the same carrier density. Increasing the probe pulse wavelength would improve the probing efficiency, however, the pumping efficiency of the optical parametric oscillator drops severely.
In order to detect the much reduced signal, we improve our detection capability by increasing the modulation fre- quency. This is achieved by replacing the mechanical modulation device (piezoelectric transducer) used in the low-temperature measurement, which can only operate below 40 Hz, by an electro-optical phase modulator with 2439 Hz modulation frequency. Although the 50-mm thick lithium niobate crystal in the phase modulator dispersively broadens the 2ω pulse to about 300 fs, resulting in a lower temporal resolution of the study, it reduces the noise level by two orders of magnitude, according to the noise spectra of our laser and detection systems.
In Fig. 4 we show the measurements on the bulk sample at room temperature performed with a probe delay of 0.3 ps in a similar fashion of Fig. 2 . The improvement in signal-to-noise ratio is evident in Fig. 4 in comparison with Fig. 2 , since signals in the room temperature measurement are about 20 times weaker than at 90 K . Using similar procedures, we deduce a transport length d = 3.8 nm and spin polarization of the accumulated electrons due to the current ∆S/∆N ≈ 0.6. Finally, the measurements summarized in Fig. 4 are repeated at different probe delays to temporally resolve the dynamics. The results are shown in Fig. 5 .
The dynamics observed in the two experiments are similar. The current injection processes are expected to be similar in bulk and QW structures according to theoretical calculations. 26, 27 The current dynamics are determined by a number of factors including inter-carrier scatterings, phonon scatterings, and space-charge field. Since phonon absorption rates increase with temperature, one would expect faster momentum relaxation at room temperature, suggesting a smaller maximum transport length. The similar maximum transport lengths observed at 90 K and room temperature indicates that momentum relaxation is likely dominated by inter-carrier scatterings and phonon emissions under these conditions.
In summary, we demonstrate all-optical generation and detection of sub-ps ac spin current pulses in GaAs bulk and QW structures at room temperature and 90 K. The currents and their spin-polarization are detected by spatially and temporally resolving nanoscale motion of electrons with high-resolution pump-probe techniques. The spin polarization of the currents is measured to be 0.6±0.1, with a peak current density on the order of 10 2 A/m 2 . We acknowledge John Prineas of University of Iowa for providing us with high-quality GaAs samples, and financial support of the General Research Fund of The University of Kansas.
